prokaryotically expressed wild-type p53, thus introducing a bias.
Stability of Blood Homocysteine and Other Thiols:
EDTA or Acidic Citrate? Jean-Frédéric Salazar, 1 Bernard Herbeth, 2 Gérard Siest, 1, 2 Vandoeuvre-lès-Nancy Cedex, France; * author for corr e s p o n d e n c e : f a x 3 3 -( 0 ) 3 -8 3 -3 2 -1 3 -2 2 , e -m a i l pierre.leroy@pharma.u-nancy.fr) Homocysteine (Hcy), a thiol-containing amino acid resulting from demethylation of methionine (Met), is relevant to the risk of vascular diseases (1 ) . In plasma, total homocysteine (tHcy) includes the free reduced and oxidized forms as well as the Hcy bound by disulfide bonds in proteins. tHcy is frequently increased in patients with coronary, cerebrovascular, or peripheral arterial diseases; the association is independent of most other risk factors for atherosclerosis (2 ) . The simultaneous measurement of other thiols is of interest because most of them are metabolically related and disturbances of their concentrations can correspond to disorders of metabolism. Hcy may either be catabolized to cysteine (Cys) or remethylated to Met (3 ). In addition, Cys and ␥-glutamylcysteine are precursors to glutathione (GSH), and cysteinylglycine (CysGly) is a breakdown product of GSH; this latter plays a major role in defense against oxidative and free radicalmediated cell injury, and its measurement permits the evaluation of oxidative status of cells and tissues (4 ) .
It should be expected that less rigorous blood sampling and treatment conditions are needed than those involved for thiol redox status evaluation (5 ) . For plasma, storage conditions have little influence on tHcy values: tHcy in plasma is stable at Ϫ20°C for at least 3 months and after nine freeze/thaw cycles (6 ) . In contrast, in whole blood, an increase of tHcy is observed after collection because of ongoing metabolism and time-dependent release from erythrocytes (7 ) . The artificial increase in plasma tHcy occurs at a rate of 1 mol/L per hour at room temperature (6, 7 ) . In most studies, blood is drawn in tubes containing potassium EDTA, which are put immediately in crushed ice and centrifuged "as soon as possible", and then the plasma is frozen. These conditions prevent increases in tHcy in whole blood after collection, but they are not always practical. An alternative procedure is needed, especially for large epidemiological studies involving different sample collection sites, where processing with crushed ice is difficult. Use of sodium fluoride (with heparin as anticoagulant) has been proposed to inhibit Hcy release from blood cells for 2 h at room temperature (8 ) . More recently, Willems et al. (9 ) have claimed that blood collection in acidic citrate tubes stabilizes tHcy in whole blood: tHcy did not increase markedly for 6 h at room temperature after collection, but an increase of 1.3 mol/L was found at baseline in tHcy measured in samples collected into acidic citrate compared with EDTA samples. tHcy has been reported to be stable in blood lysate for 2 days at room temperature; however, tHcy concentrations were lower than in plasma, and a different reference range had to be defined (10 ) . Finally, an inhibitor of S-adenosylhomocysteine hydrolase, i.e., 3-deazaadenosine, has been reported to keep tHcy constant in whole blood samples at room temperature for 24 h (11 ) .
Other plasma thiols have been measured. The usual tHcy assays rely on gas chromatography-mass spectrometry (8 ) , 9, 10, [12] [13] [14] [15] , or fluorescence polarization immunoassay (FPIA) (16 ) . Gas chromatographymass spectrometry is used preferentially to study Hcy and its metabolites, cystathionine and Met. HPLC permits the concomitant measurement of other plasma thiols, mainly Cys, CysGly, and GSH, whereas FPIA is devoted to Hcy alone. However, all of these methods include a plasma sample treatment with a reducing agent, e.g., sodium borohydride (5, 9, 11, 13 ) , tri-n-butylphosphine (6, 10, 12 ) , or 1,4-dithio-d,l-threitol (5, 7, 8, (15) (16) (17) to convert free oxidized and bound thiols into their free reduced form.
Stability of other thiols in plasma has been studied with HPLC methods. Blood uptake and treatment sequences with similar anticoagulants and operating precautions as for Hcy are usually involved to stabilize the plasma thiols. Additional reagents can be used: (a) l-serine-borate, a specific inhibitor of ␥-glutamyltranspeptidase (EC 2.3.2.2), to prevent cleavage of GSH (13, 14, 17, 18 ) ; or (b) bathophenanthroline disulfonate disodium salt, as a chelating agent of iron (14, 17 ) , and thiol trapping reagents (5, 14, 17 ) to avoid further thiol oxidation, especially when their redox status is studied.
We used an HPLC method for the simultaneous measurement of tHcy and other total plasma thiols, i.e., tCys, tCysGly, and tGSH, to evaluate the use of acidic citratetreated blood at room temperature instead of EDTAtreated blood at 0°C for the assay of all of the cited thiols. Different time intervals between blood collection and centrifugation were considered, ranging from 15 min to 6 h and including the minimum (15 min) and maximum (2 h) delay time periods existing between these two steps in our own laboratory practices. Moreover, we investigated the difference between the two blood-collection media on the tHcy concentration by use of a commercially available FPIA.
Blood was drawn by venipuncture of the antecubital vein from healthy laboratory coworkers (n ϭ 21); informed consent was obtained, and the research protocol was in agreement with the Helsinki Declaration. Blood was collected in tubes containing either 1.8 g/L K 3 EDTA (Vacutainer TM Tubes; Becton Dickinson) or 0.5 mol/L acidic citrate (Biopool Stabilyte TM ). The EDTA-treated blood was immediately put on crushed ice, and the acidic citrate-treated blood was kept at room temperature (i.e., 24°C in the present case). Two independent studies were performed with HPLC and FPIA, respectively. The HPLC study used blood from seven subjects (three men and four women; ages, 28 -52 years). Within 15 min, each blood sample was divided into six equal volumes; these aliquots were centrifuged (1000g for 15 min at 4°C for EDTAtreated samples and at room temperature for acidic citrate-treated samples) at 15 and 30 min and 1, 2, 4, and 6 h after blood collection. The FPIA study was done with blood from 14 subjects (8 men and 6 women; ages, 27-56 years), using the same methodology at 15 min and 2 h. Plasma samples resulting from the two studies were frozen at Ϫ80°C until analysis.
The plasma thiols were measured with a slightly modified HPLC technique (11 ) including reduction of disulfides with tri-n-butylphosphine, precolumn derivatization with 7-fluoro-2,1,3-benzoxadiazole-4-sulfonamide, isocratic reversed-phase chromatography, and spectrofluorometric detection. The stock solution of each thiol calibrator was prepared at a concentration of 1.0 mmol/L in 10.0 mmol/L HCl containing 1 mmol/L EDTA and kept at Ϫ80°C for a maximum of 2 months. Calibration curves including five points were constructed daily with further dilutions of stock solutions in 9 g/L NaCl containing 4 mmol/L EDTA, at concentrations of 50 -300 mol Cys/L, 10 -50 mol CysGly/L, 2.5-15 mol Hcy/L, and 1-10 mol GSH/L. Plasma samples were quickly thawed at 37°C. A 200-L aliquot of plasma or calibrator was transferred into a 1.5-mL polypropylene tube (in crushed ice), to which we added 100 L of the internal standard solution [thioglycolic acid at a concentration of 300 mol/L] and 50 L of tri-n-butylphosphine (50 mL/L) in dimethylformamide. After the sample was mixed for 10 s with a vortex-mixer, a nitrogen stream was introduced into the tube for 10 s before it was capped. The resulting mixture was incubated in the dark at 4°C for 30 min, and 200 L of a trichloroacetic acid solution (100 g/L) was added for protein precipitation. After centrifugation at 1500g for 15 min at 4°C, 100 L of the supernatant was transferred into a 1-mL autosampler vial and mixed with 30 L of 0. We used the Abbott IMx ® plasma assay for tHcy, as described by Shipchandler and Moore (16 ) . The thiol concentrations from the samples collected in the tubes containing acidic citrate were corrected by the dilution factor caused by the fluid (0.5 mL) initially present in the tube.
The HPLC method was linear for the concentrations indicated above (r Ͼ0.990), and its recoveries were Ͼ98%. The within-day imprecision (CV; n ϭ 6) measured with a plasma pool was 2.2% for tCys, 1.7% for tCysGly, 1.9% for tHcy, and 7.2% for tGSH at concentrations of 178.0, 27.8, 7.9, and 3.4 mol/L, respectively. For the IMx assay of tHcy, the intraday CV (n ϭ 6) was 1.0% at a concentration of 12.5 mol/L. ANOVA with repeated measurements was used to test the significance of differences between thiol concentrations. Plasma thiol concentrations measured by HPLC using two different blood collection and storage conditions (EDTA at 0°C and acidic citrate at room temperature) for delay periods before centrifugation of 15 min to 6 h are shown in Fig. 1 .
Differences of thiol concentrations noted between the two collection media were as follows: whatever the delay before centrifugation, tCys concentrations were higher in EDTA plasma than in acidic citrate plasma (6.1% at baseline and 5.3% at 6 h), whereas tGSH concentration were lower (Ϫ10.9% at baseline and Ϫ8.3% at 6 h), all tests being statistically significant (P Ͻ0.05). tHcy concentrations were higher in EDTA than in acidic citrate plasma (5.2% at baseline and 4.6% at 6 h). A previous report (9 ) found that tHcy was significantly lower in EDTA than in acidic citrate medium at baseline and at any delay period (Ϫ9.3% at baseline and Ϫ10% at 6 h) in the same conditions of temperature and storage time as in the present work. No difference in tCysGly concentrations was observed.
Over the time points studied, the time to centrifugation after collection of blood in either EDTA or acidic citrate collection tubes did not significantly affect the concentrations for these thiols except for tCysGly, the concentration of which varied slightly with time (0.5 mol/L per hour in both collection media). We noticed no significant difference in tCysGly concentrations between EDTA and acidic citrate media at the delay time of 2 h, as reported previously (7 ); this fact could be also related to the changes of tCys observed between EDTA and acidic citrate media. A hypothetical mechanism could be a leak of GSH from erythrocytes, in which its concentration is much higher than in plasma [3.6 mol/L in plasma and 0.9 mmol/L in whole blood, respectively (15 )], followed by a degradation pathway via reactions catalyzed by ␥-glutamyltranspeptidase and dipeptidases (EC 3.4.13.6). The tGSH concentration in plasma is also lower in EDTA than in acidic citrate medium, probably because the same enzymatic reactions are involved. As a matter of fact, a simultaneous decrease of GSH and increase of Cys and CysGly in plasma have been observed as a function of blood storage period between collection and centrifugation (5, 13 ) , and a specific ␥-glutamyltranspeptidase inhibitor such as l-serine-borate added to the collection medium (14, 15, 17, 18 ) seems to be a good alternative to keep the concentration of these thiols stable as a function of time.
The results of the FPIA assays are shown in Table 1 . During the restricted delay period (2 h) corresponding to a more practical approach in our laboratory, a slight but significant increase as a function of time was observed (4.9% between 15 min and 2 h in both media). The difference in tHcy measurement by FPIA between the two collection media was not significant (P Ͼ0.05). Such an absence of difference was opposite to data obtained with HPLC in the present study and in a previous study (9 ) . It could be explained by less selectivity of FPIA than HPLC methods.
In conclusion, tCys, tHcy, and tGSH concentrations measured with HPLC remain stable for 6 h in whole blood, whatever the anticoagulant used: EDTA at 0°C or acidic citrate at room temperature. This latter approach is a good alternative when the use of EDTA medium collection is not possible, in particular in epidemiological surveys involving several centers. However, because of the significant differences between the mean concentrations in these two media, reference values need to be established that take into account the anticoagulant used. For CysGly, a different strategy must be defined to keep its concentration stable over the same blood storage period. The slight increase in tHcy as a function of time in both collection media that we observed only when using FPIA cannot be fully explained at the present time. The prime priority is thus to define optimal collection and treatment conditions and to keep them constant in an overall study.
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